Data on right ventricle (RV) regional function in adults with interatrial shunt are scarce. The aim of the study was to assess the regional RV deformation in the population of adults with uncorrected atrial left-to-right shunt and to establish a potential relationship between its magnitude and RV regional deformation.
Introduction
Echocardiographic assessment of regional and global function of the right ventricle (RV) remains difficult because of its complex geometry, irregular shape, thin myocardial wall, and extensive trabeculations. 1 Therefore, several parameters are necessary to evaluate its function fully. 2, 3 Shortcomings of conventional echocardiography can be overcome by Doppler-derived and nonDoppler strain/strain rate (1/SR) imaging. 4 Both can quantify regional myocardial function and can be applied in congenital heart defects, where the RV is exposed to volume or pressure overload. 5 Quantification of RV function on the basis of 1/SR has been conducted successfully in a number of congenital lesions with pressure and volume overload (e.g. tetralogy of Fallot, patients with systemic RV). 6, 7 However, data on RV regional function in the pure volume overload are scarce. Prior studies were focused on RV myocardial velocities and documented higher systolic values in paediatric patients with atrial septal defect (ASD) that returned to normal range after transcatheter closure. 8, 9 Data on the impact of long-lasting RV volume overload on RV regional function in adults are scarce. The aim of the study was to assess the regional RV deformation in the population of adults with uncorrected left-to-right shunt and to establish a potential relationship between the severity of left-to-right shunt and RV regional deformation.
Methods

Study population
We studied 40 adult patients with ASD. The exclusion criteria for our study were: other congenital cardiac defects, significant tricuspid regurgitation (vena contracta of tricuspid regurgitation .6 mm), systemic arterial hypertension, coronary heart disease, cardiac arrhythmias during the echocardiographic study, and asymptomatic left ventricular dysfunction or congestive heart failure. Echocardiographic data obtained in ASD patients were compared with those from 29 healthy subjects who did not have any structural or functional cardiovascular abnormalities, nor did they take any medications. The study was approved by the local Ethics Committee, and each patient gave a written consent.
Standard echocardiographic parameters
Standard transthoracic echocardiographic examinations and Doppler myocardial imaging examinations were performed using commercially available equipment (Vivid 7, GE Vingmed Ultrasound, Horten, Norway) with a matrix probe M3S provided with tissue velocity imaging. RV end-diastolic diameter was measured from M-mode recordings with the cursor placed by the tip of the mitral valve leaflets in the parasternal long-axis view. The main pulmonary artery (PA) diameter and RV outflow tract systolic and diastolic dimensions were measured by two-dimensional (2D) echocardiography at the left parasternal short-axis view. In patients with ASD, the pulmonary-to-systemic blood flow ratio (Qp/Qs) was assessed using the method recommended by the American Society of Echocardiography.
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Echocardiographic assessment of right ventricle global function
To assess RV global function, tricuspid annular plane systolic excursion (TAPSE) was acquired by the conventional M-mode method from the lateral point of the tricuspid valve in a standard apical four-chamber view. 11 In addition, RV end-diastolic and end-systolic areas (RVEDA and RVESA) were measured to calculate RV fractional area change (FAC) from the same apical four-chamber view. 12 RV myocardial performance index (Tei index) was defined as the sum of isovolumetric contraction time and isovolumetric relaxation time divided by ejection time and was measured from RV inflow and outflow Doppler velocities.
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Strain rate imaging and post-processing-the assessment of right ventricle regional function
Colour Doppler myocardial data were obtained in a standard long-axis four-chamber apical view and stored in a cineloop format. Real-time box was superimposed on the underlying 2D grey-scale image with an average frame rate of 180 s -1 , a depth of 16 cm, and the narrowest image sector angle possible (usually 158). An appropriate velocity scale was chosen to avoid aliasing. Acquired data were transferred to a computer workstation for an off-line analysis. To calculate longitudinal myocardial deformation, the EchoPac 5.0.1 software (GE Company) was applied ( Figure 1) . The programme allowed an automatic tracking of the region of interest to be made throughout the RV free wall. Systolic and diastolic myocardial velocities, maximal 1 as well as systolic and diastolic SR for basal, mid, and apical segments of the RV free wall as well as inter-ventricular septum were analysed. The data were averaged from three consecutive heart cycles. All values were compared with those obtained from the healthy subjects in the control group.
Statistics
Results, unless stated otherwise, are presented as the mean value + SD. Normal distribution of variables was checked using the Kolmogorov-Smirnov test. Comparisons of mean differences among groups were made using unpaired Student's t-test; and a linear Pearson correlation or quadratic regression models were used to Figure 1 An example of strain profiles recorded from basal, mid, and apical right ventricle segments in a patient with moderate left-to-right shunt.
The impact of the left-to-right shunt on RV regional deformation indicate the strength of a relationship between the parameters taken into account. A P-value of ,0.05 was considered statistically significant.
Inter-observer and intra-observer (E.K.) reproducibility was assessed in 10 randomly chosen patients. It was calculated as percentage of error, derived as the absolute difference between two sets of measurements divided by the mean of the observations.
Results
Clinical data
The study comprised 40 patients (30 women and 10 men), mean age 39.2 + 15.5 years (range 15-59 years) with ASD and 29 controls (20 women and 9 men), mean age 37.2 + 12.9 years. No significant differences were observed between patients and controls with respect to age, gender, and heart rate. ASD secundum type was diagnosed in 36 patients, and in 4 patients it was ASD sinus venosus type. Mean Qp/Qs ratio was 2.1 + 0.7 (range 1.2 -3.8).
In most patients (87.5%), right ventricular systolic pressure calculated from the velocity of tricuspid regurgitation was slightly elevated. Only five patients with significant left-to-right shunts were diagnosed with pulmonary hypertension over 50 mmHg; however, large Qp/Qs values in these patients confirm hyperkinetic type of pulmonary hypertension.
Echocardiographic data
Standard echocardiographic parameters in patients with ASD and control group are presented in Table 1 . In comparison with healthy subjects, patients had significantly higher RV end-diastolic and RV outflow tract dimensions, PA diameter, RV systolic and diastolic area, and higher systolic PA pressure (38 vs. 26 mmHg). ASD patients presented also an increased TAPSE compared with the control group. The remaining parameters that describe RV global function (FAC and Tei index) did not differ significantly.
Tissue Doppler data
Among the RV segments analysed, 6% were not interpretable and were excluded from the study because of reverberation artefacts and poor signal-to-noise ratio.
Myocardial velocities
Myocardial peak systolic velocities were significantly higher in ASD patients in all segments of the RV free wall. The increase in velocity was also observed for late diastolic values ( Table 2) .
Strain/strain rate No differences in the RV deformation data (maximal 1) between patients with ASD and control group were found ( Table 3) . Also, SR values were similar for the majority of RV segments ( Table 4) . We also analysed myocardial deformation of interventricular septum, although no significant differences in terms of myocardial deformation between ASD patients and control group were found ( Table 3) .
A non-linear relationship between maximal 1 in the mid-segments of the RV free wall and the severity of left-to-right shunt was observed. In patients with moderate shunts, the maximal 1 values in the mid-segments of RV were higher when compared with parameters obtained from patients with mild and large shunts and from those obtained from healthy subjects (Table 5, Figure 2) . We did not found a significant relationship between maximal 1 values in the basal and apical segments of RV and Qp/Qs.
Reproducibility
The reproducibility for longitudinal 1 and SR is given in Table 6 . We found a good reproducibility for all measurements (between 7.2 and 10.1%). Repeated measurements of the same segments by an independent observer (E.K.) also showed a good correlation with the first one. Out of the four parameters analysed, the weakest agreement was found for early and late diastolic SR.
Discussion
Standard echocardiographic studies in patients with ASD show enlarged right atrium, RV, and PA. 14, 15 These usually correlate with the magnitude of the left-to-right shunt. 16 Not much is known about other indices characterizing RV global function, such as RV FAC, TAPSE, and Tei index, in the settings of high overload. In our study, RVESA and RVEDA were both increased, but RV FAC, which is derived from these parameters, did not differ between patients with ASD and healthy subjects and nor did it correlate with Qp/Qs.
TAPSE turned out to be higher in ASD than in control group, which had been proved in previous studies. 17, 18 The supranormal TAPSE values in ASD patients appear to reflect the severity of RV volume loading. Such an observation confirms the study by Dhillon et al., 19 which also showed normalization of TAPSE following ASD device occlusion. The impact of interatrial shunt on RV regional function in patients with ASD has not been widely examined. Our data characterizing the adults are consistent with the prior ones obtained in a paediatric group and show higher RV myocardial systolic velocities in the settings of ASD. Pascotto et al. The impact of the left-to-right shunt on RV regional deformation correlation between RV systolic myocardial velocity and RV diameter and septal defect size. Other authors carried out a follow-up after ASD transcatheter closure and reported a normalization of myocardial velocities after procedure. 8, 9 In contrast to myocardial velocities, 1 and SR were not fully addressed. Both indices are less influenced by global cardiac motion and by tethering of neighbouring myocardial segments. Up to now, authors analysing ASD groups have mainly focused on the influence of a correction method (surgical or percutaneous) on RV regional function in significant shunts and have not studied a relationship between the degree of a shunt and RV regional function. The current study deals with 1/SR in the group of adults with ASD. We proved that chronic RV volume overload altered RV deformation only in patients with moderate left-to-right shunts. This phenomenon might be explained by an adaptative mechanism that probably is not activated in mild left-to-right shunts because of a negligible overload. This observation confirms widely accepted guidelines that do not recommend an invasive treatment in patients with small shunts. In contrast, severe, long-lasting shunts generate a constant compensatory mechanism that can cease after decades. RV regional myocardial deformation, initially increased, is probably reduced after a longer period of time, which is reflected by a nonlinear relationship between Qp/Qs and RV regional function. This finding explains an incomplete RV remodelling in elderly patients undergoing ASD closure. 21 The largest changes in RV regional deformation were then observed in moderate left-to-right shunts. In this group, the mid-segment of RV plays the main role in the adaptation to loading conditions. Our observation is consistent with the study by Weidemann et al., 22 who demonstrated that in healthy children, the highest systolic SR and 1 values within the RV free wall are found in the mid-wall segments. Since RV inflow contributes most to the RV stroke volume, 23 this part of myocardium seems to be the most affected in patients with ASD. Our study is also consistent with the findings by Jategaonkar et al.
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who evaluated RV regional function using a novel method of 2D strain imaging. The authors observed increased maximal 1 in the mid and apical RV free wall segments in 33 adults with moderate left-to-right shunts (mean Qp/Qs 1.51 + 0.12) before percutaneous ASD closure and a significant reduction of 1 values after the correction of ASD.
In contrast, an experimental study by Kjaergaard et al. 25 showed no influence of RV volume overload on myocardial deformation. However, small saline boluses used to generate RV overload in healthy subjects may not be an equivalent to long-lasting RV volume overload. Summarizing, our study gives new insights into the pathophysiology of RV volume overload. Further studies on RV regional function using new technologies (3D echo, magnetic resonance imaging) may bring more information on RV function in patients with left-to-right shunts.
Limitations
Using current methodology, the RV free wall is practically the only accessible region while assessing RV longitudinal regional function. This is understandable as longitudinal or oblique fibres are dominant within the RV free wall. 26 Nevertheless, to describe RV function in left-to-right shunts fully, an analysis of RV outflow tract deformation and RV radial function would be needed. With regard to the ventricular septum, because of its complex structural diversity of fibres, part of which belong to RV and the other part belonging to left ventricle, a clear message based on current methodology cannot be obtained.
The tissue-Doppler method used in the analysis is angledependent. We tried to optimize the insonation angle. Nevertheless, we were aware of the potential error generated. We are also aware of limitations of Qp/Qs assessment resulting from assumptions made on cross-sectional area and flow measured. We tried to minimize technical errors while calculating Qp/Qs (e.g. optimize the Doppler velocity spectrum, correctly trace the velocity-time integral and especially precisely measure the diameters) because any error in the diameter measurements is magnified in further calculations. Apart from the severity of left-to-right shunt, the age of adult patients might also have an impact on the values of regional deformation indices. Some authors have shown that myocardial velocities and 1 decrease with age in healthy subjects; 27, 28 however, we did not find any significant influence of age on the relationship between the degree of the left-to-right shunt and RV deformation. Another limitation of the study was the lack of follow-up of patients after ASD closure. Most of our patients were qualified for percutaneous or surgical ASD closure; therefore in the future, we will be aiming at a complete definition of the data before and after the procedure.
Conclusions
Among echocardiographic indices describing RV global function, only TAPSE was increased in patients with left-to-right intra-atrial shunts compared with healthy subjects. No differences were found among the indices of regional deformation (e/SR) between patients with different degrees of the left-to-right shunt and control group when the tissue-Doppler imaging method was applied. However, in adults with ASD, a non-linear correlation between Qp/Qs and 1 could be observed. The affected region of the RV wall was the midsegment, and the highest values of 1 were recorded in patients with moderate left-to-right shunts.
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